This study examines the in-situ shear performance and modes of failure of reinforced concrete (RC) T-beams (joists) strengthened with externally bonded carbon fiber reinforced polymer (CFRP) sheets. The experimental program consisted of testing a series of nine structural components at the Malcom Bliss Hospital, in St.Louis, Missouri. The members were tested to validate the different systems and techniques of strengthening. In particular, this paper covers cases of U-Wraps with and without end-anchors. The experimental results clearly indicate the contribution of externally bonded CFRP sheets in increasing the shear capacity of the system. The experimental and theoretical shear strength of the reinforced concrete members (RC) under investigation is presented with and without anchorage.
INTRODUCTION
Strengthening of reinforced concrete structures using externally bonded FRP composites is an effective method of improving the structural performance under both service load and ultimate load conditions. It is also a rather simple and economical approach to meet the increased load capacity for a structure. The use of lay-up FRP composites under increased load conditions reveals a reduced deflection and smaller crack widths. Also, the use of composites offers several advantages like ease of bonding to curved or irregular surfaces, lightweight/ease of application and fiber flexibility to orient in a desired direction for strengthening. Furthermore, its high stiffness, high fatigue strength and good durability make it an excellent choice for infrastructure strengthening. Compared to traditional methods used for infrastructure strengthening that involve partial or complete shutting down of facilities, strengthening involving FRP laminates is less time consuming and does not involve large displacements of the resources. Various RC structural elements such as beams, slabs and columns can be strengthened using externally bonded FRP sheets. In recent years several studies have been conducted to investigate the flexural strengthening of RC members. However, few have concentrated on shear strengthening [2] . The importance of shear strengthening may be considered even more critical than that of flexural strengthening since shear failures occur without advance warning (sudden) and are more catastrophic compared to flexural failures that are generally progressive in nature and provide ample warning of failure. Deficiencies in shear can be due to insufficient shear reinforcement, use of outdated codes, a reduction in the steel area due to corrosion, or an increase in the service load due to change of occupancy for the structure.
RESEARCH SIGNIFICANCE
The aging infrastructure worldwide has prompted many researchers to seek alternative materials and techniques to revive deteriorating and deficient structures. In particular, reference to the structures built in United States prior to 1970, in many cases, are known to be seismically deficient. To date, many of these structures have not be retrofitted or strengthened due to the non-availability of convenient and/or feasible strengthening systems. In addition, most of the existing strengthening techniques are simply economically infeasible. In this context the Malcolm Bliss Project provided an excellent opportunity to compare, study and evaluate the different systems of externally bonded fiber reinforced plastic (FRP) strengthening. This experimental program focuses on the comparison of the two different shearstrengthening schemes namely, shear strengthening with end-anchorage and shear strengthening without end-anchorage.
EXPERIMENTAL PROGRAM
Extensive experimental research work was carried at the Malcolm Bliss Hospital, in St.Louis. The experimental program in this study consisted of testing nine T-beam built integrally within the structural structure of the building. All of the specimens (joists) had the same cross-section and reinforcement details as illustrated in Figure 1 . The beams were under-reinforced with a steel ratio ρ=0.0085. The concrete cylinder strength was assumed to be 27.58 MPa (4000 psi). The average yield strength of steel was considered to be 345 MPa (50000 psi). The elastic modulus of steel was 200,000 MPa (29000 ksi). Other material properties are presented in Table 1 . 
*Unidirectional fibers
Test Specimen: The test specimens for Series JS consisted of nine beams built integrally into their supports. The test specimens were 2640-mm-long reinforced concrete (RC) T-beams. Five different strengthening schemes were considered for evaluation, which included members strengthened with and without end-anchorage. The first two members were selected as control specimens (JS1). The second two members (JS2) were strengthened with one-ply continuous U-wrap of high tensile strength CFRP sheets with the fiber direction oriented perpendicular to the longitudinal axis of the specimen. The positive flexure region was strengthened with a 100-mm wide sheet at the bottom of the web and the negative flexure strengthening was provided on the flange with 510-mm wide CFRP sheets centered on the flange. Other strengthening systems are summarized in Table 2 . Shear was controlling for these specimens; thereby, flexural strengthening is not a key in this paper. 
JS2
Carbon 1-100mm ply 1-510mm ply U-wrap without anchor
JS3
Carbon 1-100mm ply 1-510mm ply U-wrap with anchors JS4 Carbon 3-100mm ply 2-510mm ply 2-Ply U-wrap without anchor
JS5
Carbon 3-100mm ply 2-510mm ply 2-Ply U-wrap with anchor * Two specimens (joists) tested per system unless noted otherwise.
Strengthening and Testing of Joists:
Prior to application of the CFRP sheets the members were sand blasted. The members were strengthened with a continuous Uwrap of CFRP sheets with the fiber direction oriented perpendicular to the longitudinal axis of the specimen. Two systems of strengthening that are being studied in this paper are shear strengthening with end-anchorage and shear strengthening without end-anchorage. The specimens with these two strengthening systems are illustrated in Figures 2 and 3. Inserting the glass FRP rods into the grooves provided the end anchoring. A putty mix is then filled into the groove to hold the rods in place.
The position of the load was 914-mm from the support to create a high shear force at one end of the beam. A pushdown test method was used for loading the members. In the pushdown test method one or more hydraulic jacks with extensions are used to provide the load that results in a downward concentrated force in the member. The extensions attached to the jacks react against the ceiling when jacks extend. Shoring is installed on one or more floors above the tested member to share the reaction.
The beams were instrumented with linear variable displacement transducers (LVDT) along the span length of the member to measure deflection. In addition, inclinometers were used to measure the rotation of the end support. For each strengthened member four strain gages were attached directly to the FRP on the sides of the strengthened beams. These strain gages were oriented in the vertical direction (parallel to the fibers) to measure the strain in the FRP sheets. The strain gages were located at the most likely position for occurrence of a shear crack. A strain gage was also placed next to the load, on the concrete surface to measure the compressive strain. Apart from these, extensometers were used for measuring strain in the sheets. A data acquisition system was used to monitor the loading as well as the deflection in the beam. The loading was applied in quasi-static cycle's [3] . The applied load was measured with the load cell. At the conclusion of each cycle the crack patterns were mapped. After a series of cycles, the members were tested to failure.
RESULTS AND ANALYSIS
Typical failure modes of the end-anchored and non end-anchored strengthened members are shown in Figures 4 and 5 . Figure 4 represents the failure of the member due to the peeling of the CFRP sheets. Figure 5 illustrates the failure of a member due to anchor pullout. A summary of the load test results is presented in Table 3 . This includes the load at failure and the predicted and actual (experimental) modes of failure. The ultimate stage is defined as the stage of loading beyond which the member could not sustain load. In the following sections, results will be discussed for each series in terms of load-deflection behavior, cracking behavior and the mode of failure.
Control Specimen: The control specimens, JS1, exhibited a shear failure. The initial shear cracks appeared close to the near-end support at an applied load of 133 kN, and propagated into the flange of the member. As the load increased new cracks formed and ultimately the members failed in shear at an average ultimate load of 319.5 kN. Unanchored Systems: Specimens JS2 were strengthened with a single U-wrap of CFRP, placed perpendicular to the longitudinal axis of the member. Specimens JS4 were U-wrapped with two CFRP sheets. The failure as observed in both the cases was due to premature peeling of CFRP sheets. Specimens JS2 failed at an average ultimate load of 354.5 kN, where as specimen JS4A failed at an ultimate load of 365 kN. For JS2, when a considerable amount of strain was developed in the CFRP sheets at high loads, the sides of the beam were gently tapped to identify possible locations of delaminations within the sheet/concrete substrate. The failure mode for these specimens consisted of peeling of the CFRP sheets. The shear failure of the member lead to severe delamination of the CFRP sheets in the near end corner. The failure of the member due to peeling is illustrated in Figure 4 .
For JS4, the ultimate load of failure was higher then the single wrapped JS2 members. The failure mode for these specimens was similar to that of JS2. The high shear developed at the near end lead to severe delamination which in turn resulted in fiber rupture at the bottom of the member.
End-Anchored Systems: Specimens JS3 were strengthened with a single U-wrap of CFRP sheet. These sheets were provided with end anchors. The function of the endanchors was to prevent the premature peeling of the CFRP sheets. Specimens JS3 failed at an average ultimate load of 427 kN, where as the specimens of JS5 failed at an average ultimate load of 410 kN. The results are discussed in detail in later part of the paper. The failure of the members JS3 and JS5 was due to end-anchor pullout as illustrated in Figure 5 .
COMPARISON OF STRENGTHENING TECHNIQUES
Strengthened and Unstrengthened Members: Specimens JS1 failed at an average ultimate load of 319.5 kN. Specimens JS2 failed at an average ultimate load of 354.5 kN. The strengthened member exhibited an increase in the shear capacity of 11.0% over the unstrengthened member. The maximum deflections recorded at midspan were 10.0-mm and 10.3-mm, respectively. The load-deflection behavior for specimens JS1 and JS2 are illustrated in Figure 6 .
Single and Double U-wrap Strengthened Members:
Without End-Anchors: Specimens JS2 failed at an average ultimate load of 354.5 kN. Specimen JS4A failed at an ultimate load of 365 kN. The additional gain in the shear capacity due to the additional ply was a minimal 3.0%. The maximum deflections were 10.0-mm and 6.0-mm, respectively. The load-deflection behavior for specimens JS2 and JS4 are illustrated in Figure 7 .
With End-Anchors: Specimens JS3 failed at an average ultimate load of 427 kN. Specimens JS5 failed at an average ultimate load of 410 kN. The additional ply resulted in a minimal reduction in shear strength of 4.0%. The maximum deflections were 7.75-mm and 6.9-mm, respectively. The load-deflection behavior for specimens JS3 and JS5 are illustrated in Figure 8 .
With End-Anchors and without End-Anchors:
As noted in the previous section, Specimens JS3 failed at an average ultimate load of 427 kN. The effect of end anchoring of the externally bonded sheets was dramatic compared to the unstrengthened control specimens JS1 and the one and two-ply U-wrapped specimens JS2 and JS4 as illustrated in Figure 9 . The increase in shear strength was as follows:
JS3 exhibited an average increase of 33.6% in the shear strength over JS1 JS3 exhibited an average increase of 20.4% in the shear strength over JS2 JS3 exhibited an average increase of 17.0% in the shear strength over JS4
Comparison of the Strains: Figure 10 illustrates the strains that developed within the FRP sheets during the load testing of members JS3, JS4, and JS5 respectively. The strain that developed in JS3 prior to failure of the strain gauge instrumentation was 5,500 micro strain, which was equivalent to 33% of the ultimate strain (16,000 micro strain) of the FRP sheets. In order to obtain a strain reading in the sheets at failure, the curve fit was extrapolated by drawing a line tangent to the initial curve upto the failure load of the member (see Figure 10) . The reading thus obtained was 10,000 micro strain, which corresponded to 60% of the ultimate strain of the sheet. Strain developed if the JS4 was 3,000 micro strain, corresponding to 18% of the ultimate. Upon extrapolating the curve, the strain was found to be 8,500 micro strain, corresponding to 51% of the ultimate strain. Strain developed in the JS5 was 3,000 micro strain, corresponding to 18% of the ultimate, and on extrapolating the curve, the strain was 9,800 micro strain, corresponding to 58% of the ultimate strain.
MODEL PREDICTION
A comparison between the computed values of CFRP contribution to the shear capacity based on the design approach and all available experimental results are presented in Table 4 . These results indicate that the design approach procedure with the recommended strength reduction factors recommended by Khalifa [2] results in conservative values for members strengthened with and without end-anchors as illustrated in Figure 11 . The following discusses the approach taken for both determining the experimental and theoretical shear strength of the members. The theoretical shear strength, Vu, was calculated by using a conservative approach for a fixed-fixed condition as illustrated in Equation 1. This is a conservative approach for the in-situ span conditions. A more refined analysis is currently under way to determine the exact theoretical shear strength based on the measured rotations at the ends of the member during load testing. This will allow for the determination of the level of fixity at the ends of the member and thereby a more precise theoretical shear strength at the ends. 
(Eq. 5) where: The experimental shear strength, Vu,exp, was calculated by using a conservative approach for the in-situ span conditions as illustrated in Equation 7. 
CONCLUSIONS
Results of test performed herein demonstrated the feasibility of using externally applied epoxy-bonded U-wraps to enhance the load carrying capacity in shear for reinforced concrete beams. In particular, the following conclusions can be drawn based on the observed behavior:
1. Enhancing or strengthening the shear capacity of a beam using U-wrapped FRP sheets can result in increased shear strength through improved aggregate interlock due to the contribution of the FRP. 2. The strengthened members exhibited a gain in the shear capacity over the unstrengthened member ranging from 11% to 34% depending on the strengthening system or technique that was used for strengthening. 3. The increase in the number of plies did not result in a dramatic increase in the shear capacity for specimens with or without end-anchors. 4. The single U-wrapped anchored beam outperformed the double Uwrapped beam without anchors by 17%. 5. The single U-wrapped anchored beam outperformed the double Uwrapped beam with anchors by 4%.
